The immune system has evolved to sense invading pathogens, control infection and restore tissue integrity. Despite symptomatic variability in patients, unequivocal evidence that an individual's immune system distinguishes between different organisms and mounts appropriate responses is lacking. We here used a systematic approach to characterise responses to microbiologically well-defined infection in a total of 83 peritoneal dialysis patients on the day of presentation with acute peritonitis. A broad range of cellular and soluble parameters was determined in the peritoneal effluent, which covered the majority of local immune cells, inflammatory and regulatory cytokines and chemokines as well as tissue damage-related factors. Our analyses utilising machine-learning algorithms demonstrate that different groups of bacteria induce qualitatively distinct local immune fingerprints, with specific biomarker signatures associated with Gram-negative and Gram-positive organisms, respectively, and with culture-negative episodes of unclear aetiology. Even more, within the Gram-positive group, unique immune biomarker combinations identified streptococcal and non-streptococcal species including coagulase-negative Staphylococcus spp. These findings have diagnostic and prognostic implications by informing patient management and treatment choice at the point of care. Our data demonstrate the power of non-linear mathematical models to analyse complex biomedical datasets, and highlight key pathways involved in pathogen-specific immune responses.
INTRODUCTION
The immune system is an intricate network of specialised cell types and molecular structures evolved to sense and target invading pathogens, control and clear the infection, and repair and restore the integrity of affected tissues and organs. The human body is constantly exposed to a plethora of pathogenic, opportunistic, commensal and environmental microorganisms, and has developed mechanisms to discriminate between harmful and harmless colonisation, through receptors and pathways that specifically recognise pathogen and danger-associated molecular patterns and unique antigenic epitopes. [1] [2] [3] [4] However, unequivocal evidence that the human immune system distinguishes between different types of organisms in a physiological context and mounts appropriate responses that are distinct enough to be exploited as rapid diagnostic indicators driving appropriate therapy is missing. [5] [6] [7] [8] [9] [10] Individuals with end-stage kidney disease receiving peritoneal dialysis (PD) serve as welldefined exemplar of a clinical infection requiring immediate medical intervention. Peritonitis is a common complication of PD and remains a major cause of early dropout, technical failure and mortality. 11, 12 In addition to its clinical relevance for individuals with end-stage kidney failure who depend on dialysis as life-saving renal replacement therapy, PD offers unparalleled insights into complex local cell interactions and molecular mechanisms that underpin the clinical severity of infectious episodes, and that are readily translatable to improve patient management and outcomes. [13] [14] [15] Importantly, peritoneal effluent can be sampled repeatedly and non-invasively, thus providing early and continuous access to the site of infection, even before antibiotic treatment is initiated. Moreover, PD-related peritonitis is caused by a wide spectrum of bacterial species, thereby allowing the study of acute responses to defined groups of organisms under closely related conditions. 6, 15 However, whilst highly elevated white cell counts with a proportion of >50% granulocytes in the peritoneal effluent are used as indicators of peritonitis, only little progress has been made with regard to a reliable discrimination between infection and non-infectious inflammation. Culture-based diagnosis of infection is slow and unsatisfactory, and rapid identification of disease-causing organisms using molecular techniques with sufficient sensitivity and specificity remains a challenge. 11, 12, 16 Treatment of peritonitis therefore continues to be largely empirical, and early but untargeted treatment with broad spectrum antibiotics and antifungals is recommended. 12, 17 As alternative to organism-based diagnostics, we here aimed at exploiting the human host response and used a systematic approach based on machine learning algorithms to identify diagnostically relevant pathogen-specific local immune fingerprints in PD patients who presented with acute peritonitis. The introduction of "big data" technologies in biomedical sciences to address the complexity of the molecular and cellular mechanisms underlying disease has brought about an increasing need for advanced statistical models, machine learning and pattern recognition techniques. In particular, wrapped feature selection methods have proven highly efficient for finding the best feature combination as compared to timeconsuming exhaustive searches. 18 Support Vector Machines (SVMs) are data-driven methods that try to find a separating hyperplane with the maximal "margin" for classification problems and that can also be used for regression or density estimation. [19] [20] [21] Artificial Neural Networks (ANNs) are inspired by biological neural networks with data processing from the input through a network of multiple nodes that are connected with each other in different layers. [22] [23] [24] Random Forests (RFs) are ensemble methods constructed on multiple decision trees for classification and regression. [25] [26] [27] By combining biomarker measurements during acute peritonitis and feature selection approaches based on SVMs, ANNs and RFs, our findings demonstrate the power of advanced mathematical models to analyse complex biomedical datasets, and highlight key pathways involved in pathogen-specific inflammatory responses at the site of infection.
The observation that different infecting bacteria induce consistent and unique local immune responses has immediate diagnostic implications at the point of care, by directing appropriate antibiotic treatment before conventional microbiological culture results become available.
RESULTS
Local immune biomarkers form distinct hierarchical clusters. In order to define combinations of local biomarkers that would constitute relevant disease-specific immune fingerprints, we measured a broad range of cellular and soluble biomarkers in 83 PD patients presenting with microbiologically well-defined episodes of acute peritonitis ( Table 1) . To cover the breadth and the complexity of local inflammatory and regulatory immune responses during early infection, these biomarkers included frequencies and total numbers of infiltrating leukocytes as well as levels of common cytokines, chemokines and tissue damage-associated molecules, the majority of which were elevated during acute peritonitis compared to baseline parameters in stable individuals (Supplementary Table S1 ). Perhaps not surprisingly, due to the redundant roles of many inflammatory mediators within the human immune system, some of the 49 biomarkers correlated with each other and formed five distinct hierarchical clusters during acute peritonitis ( Figure 1 ). These data suggested that a signature comprising of as few as five parameters might already suffice to define a reliable immune fingerprint.
Feature selection methods define local fingerprints associated with Gram-negative infections. We next divided the patients into groups according to the type of infecting organism. We initially attempted to define immune fingerprints that would reliably discriminate patients presenting with Gram-negative infections against all other cases of peritonitis ( Supplementary Table S2A ), based on our earlier observation of certain differences between Gram-negative and Gram-positive infections using logistic regression analyses. 6 To this end, recursive feature elimination was employed by evaluating the model performance according to the area under the receiver operating characteristic (ROC) curve achieved and eliminating the least important features in each step. To reduce variability, five rounds of resampling methods were applied in the outer layer of the iteration and cross-validation was used to avoid over-fitting. These steps clearly demonstrated that Gram-negative infections were associated with unique different immune fingerprints. Figure 2A shows the number of features changing during feature elimination and the corresponding performance based on three different models, using SVMs, ANNs and RFs. Whilst all three models successfully discriminated between Gram-negative infections and all other causes of peritonitis, RF-based feature elimination showed the best average performance, with the optimum biomarker combination comprising eight features (area under ROC curve: AUC=0.993; sensitivity 98.5%, specificity 92.6%). In comparison, SVMs and ANNs were far less powerful for the recursive elimination of pathogen-related biomarkers, reaching overall lower degrees of sensitivity and specificity, and requiring combinations comprising of 10 and 30 features, respectively ( Figure   2A ).
The top 5 and 10 individual biomarkers selected by the three different models and the corresponding average performance of the models based on combinations of these biomarkers are listed in Supplementary Table S2B . Of note, although the three models yielded different sets of biomarkers, the frequencies of Vγ9 Table S2B ). This conclusion was supported by classical analyses using Mann-Whitney U tests showing that levels of Vγ9 Table S4A ). Here, feature elimination models were able to discriminate between Gram-positive infections and other episodes, yet required combinations of 30 and more biomarkers for optimal performances and failed to reach satisfactory AUCs (Supplementary Figure S1) . Table S4B ).
Of note, there is considerable heterogeneity in the Gram-positive organisms causing PDrelated peritonitis, comprising streptococci, staphylococci, coryneforms and other bacteria, which cause clinically distinct diseases with different outcomes, and require different antibiotics. 12 We therefore attempted to define the pathogen-specific immune responses to Table S6A ). Yet, despite statistically significant difference between such non-streptococcal Gram-positive infections and other episodes, especially for local levels of IL-17A, IFN-γ and IL-15, RF-based algorithms were not as powerful in this case as for the above predictions of Gram-negative or streptococcal infections, most likely due to the remaining heterogeneity of the organisms in that patient group (Supplementary Table S6B ).
Given that CNS species such as Staphylococcus epidermidis are the major cause of peritonitis in PD patients and are also clinically associated with a relatively benign outcome, 30 we finally determined immune fingerprints that would specifically define CNS infections. and drained dialysate, we were also able for the first time to define pathogen-specific local immune responses to defined genera of organisms such as streptococcal species and coagulasenegative staphylococci. These findings demonstrate the feasibility of developing rapid pathogen-specific diagnostics that exploit the exquisite responsiveness and specificity of the human immune system for different types of organisms. Such rapid methods might have greater utility than microbiological and molecular methods that aim at directly detecting such organisms but that are too slow, subject to confounding contaminants and often lack sufficient sensitivity to inform early patient management and target antibiotic therapy on the day of presentation with acute disease. 31 Our study also demonstrates the power of using non-linear approaches for mining complex biomedical datasets where conventional statistical methods fail to yield satisfactory results and where individual biomarkers on their own are unlikely to reach sufficient sensitivity and specificity to change clinical practice. Notably, the nature of the signatures identified in this study varied according to the mathematical model applied. By directly comparing three different approaches and assessing their performance when predicting microbiological and clinical endpoints in PD patients, we identified RFs as the most suitable models in this study and patient cohort, yielding superior performances and at fewer biomarkers than SVMs and ANNs, in accordance with investigations in other fields of research.
32-34
Gram-negative bacteria, streptococci and CNS are the major types of bacteria causing peritonitis in individuals receiving PD. 11 Strikingly, clinical outcomes from infections by those organisms differ, implying differences in their pathogenicity, their susceptibility to antibiotics, and/or the pathophysiology of the host responses they trigger. 12, 15 Our findings demonstrate that in addition to their microbiological differences, Gram-negative bacteria, streptococci and CNS elicit fundamentally distinct immune responses, which is not only of relevance for the development of novel diagnostics but potentially also highlights key factors and cell types and Gram-negative organisms (n=17) ( Table 1) (Table 1) . Samples from ≥ 8 hour dwells with volumes of 1-2.5 litres were collected for biomarker measurements and processed as described before. Conventional ELISA kits were used to measure TGF-β, total MMP-8, total MMP-9 and surfactant protein D (SPD) (R&D Systems); calprotectin (Hycult); and CCL2 Bioscience).
Human neutrophil elastase (HNE) was measured using a B.I.T.S. ELISA kit (Mologic). Active HNE was measured using the fluorogenic substrate MeOSuc-Ala-Ala-Pro-Val-AMC (Bachem); active MMP was measured using the fluorogenic substrate Mca-Lys-Pro-Leu-GlyLeu-Dpa-Ala-Arg-NH2 (Enzo Life Sciences) and by zymography using pre-cast Novex gelatin zymogram gels (Invitrogen) scanned on a BioRad GS800 densitometer and analysed using Image J software. Total protein was measured using the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific). Measurements that were below or above the detection limit were replaced by the lowest and highest detectable values for each biomarker, respectively.
Data pre-processing. All analyses were performed using R software version 3.2. 5 (2006-04-14) . Before applying machine learning models, missing data imputation was applied to fit gaps due to missing or failed measurements by adopting Multivariate Imputation by Chained Equations, 36 which imputes an incomplete feature by generating synthetic values taking into account their relationship with other biomarkers, using RF models (Supplementary Table S9 ).
Data were then standardized to a mean of zero and a variance of one to reduce the effect of large feature range variation. After pre-processing, the samples in the minority groups were un-sampled so that minority and majority groups had equal frequencies. Basic statistical analyses. Correlations between all 49 biomarkers were determined using the corrplot R package, 40 based on correlation calculations using the Hmisc R package. 41 Means, standard errors, skewness and kurtosis were determined with plotrix R and e1071 R packages. 42, 43 Mann-Whitney tests (two-sample Wilcoxon tests) were applied to assess the relationship between two patient groups. Heatmaps were visualized using the gplots R package. 
